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ABSTRACT 
 
A real-time online structural health monitoring system for the Metsovo bridge, the 
highest R/C bridge of the Egnatia Odos Motorway in Greece, is outlined and then 
used to develop high fidelity dynamic finite element models for the bridge-
foundation-soil system. Operational modal analysis software is used to obtain the 
modal characteristics of the bridge for the various sets of available vibration 
measurements during different construction phases of both the left and right bridge 
branches. These modal characteristics are then used to construct and calibrate 
detailed finite element models of the bridge, consisting of solid elements. A multi-
objective structural identification method is used for estimating the parameters of 
the finite element structural models based on minimising the modal residuals. The 
method results in multiple Pareto optimal structural models with variability that 
depends on the fidelity of the model class employed and the size of measurement 
errors. The identified Pareto models are used for checking design assumptions, for 
exploring the adequacy of the different classes of finite element models, for 
identifying soil-structure interaction effects, and for estimating the response 
prediction variability.  
 
INTRODUCTION 
 
In Northern Greece the largest and most challenging Greek project of design, 
supervision, construction, operation, maintenance and exploitation of 680 km of the 
motorway, linking Europe with Turkish borders, has been constructed. This is the 
Egnatia Motorway project.  
EGNATIA ODOS S.A. (E.O), the company responsible for the design, 
construction, maintenance and exploitation of Egnatia Motorway developed an 
integrated Bridge Management System for optimizing the maintenance and repair  
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policies for bridges of the motorway. In the last years, the initial visual inspection of 
all the newly established bridges was done, in combination with the instrumental 
monitoring of some of the major bridges of the motorway, to give initial structural 
and functional condition data. Some major bridges over steep and deep ravines, in 
the west sector of the Egnatia Motorway, crossing particularly difficult geological 
terrain and obstacles, were the last to be constructed, for completing the project.  
The monitoring system for the Metsovo bridge, one of the major ravine bridges 
of the west sector of Egnatia Motorway, is outlined and selected results from modal 
identification and finite element model updating are presented. The monitoring of 
both branches of this bridge was carried out during various construction phases. 
The results presented in this paper are based on one of these construction phases 
and also on the phase of the bridge after completion of its construction.  
 
 
DESCRIPTION OF METSOVO BRIDGE AND ΙNSTRUMENTATION 
 
The new ravine bridge of Metsovo (Figure 1a) is the highest bridge of Egnatia 
Motorway, with the height of the taller pier M2 equal to 110m. The total length of 
the bridge is 537m. As a consequence of the strong  inequality of the heights of the 
two basic piers of the bridge, Μ2 and M3 (110m to 35m), the very long central span 
of 235m, is even longer during construction, as the pier M2 balanced cantlilever is 
250m long, due to the eccentrical position of the key segment. The key of the 
central span is not in midspan due to the different heights of the superstructure at its 
supports to the adjacent piers (13,0m in pier Μ2 and 11,50 in pier M3) for 
redistributing mass and load in favor of the short pier M3 and thus relaxing strong 
structural abnormality. The last was the main reason of this bridge to be designed to 
resist earthquakes fully elastic (q factor equal to 1).  
The bridge has 4 spans, of length 44,78m /117,87m /235,00m/140,00m and 
three piers of which Μ1, 45m high, supports the boxbeam superstructure through 
pot bearings (movable in both horizontal directions), while Μ2, Μ3 piers connect 
monolithically to the superstructure. The bridge has being constructed by the 
balanced cantilever method of construction. The total width of the deck is 13,95m, 
for each carriageway. The superstructure is limited prestressed of single boxbeam 
section, of height varying from the maximum 13,5m in its support to pier M2 to the 
minimum 4,00m in key section. Piers Μ2, Μ3 are founded on huge circular 
Ø12,0m rock sockets in the steep slopes of the ravine of the Metsovitikos river, in a 
depth of 25m and 15m, respectively.  
A permanent monitoring system, consisting  of 12 acceleration sensors (E1.1 to 
E4.3), 16 strain sensors (SG1 to SG16), 12 temperature sensors (TSG1 to  TSG12) 
and one wind velocity sensor has been recently placed on the left branch of the 
bridge, after completion of its construction, to monitor its behavior under wind, 
traffic and earthquake loads. The data are collected remotely through internet 
connection. The sensor array is shown in Figure 1b.  
Monitoring data were also collected from a 6-acceleration sensors mobile 
monitoring system during the various construction phases of both left and right 
branches of the bridge. Results from one of these phases, denoted herein as “M3 
cantilever” phase will be presented in this paper. This phase corresponds to the pier 
M3 balanced cantilever that has been instrumented after the construction of all its 
segments and before the construction of the key segment that joins with the  
 
Figure 1. (a) General view of Metsovo bridge, (b) Permanent sensor installation arrangements 
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Figure 2. Accelerometer installation arrangements for the M3 cantilever construction phase  
 
balanced cantilever of pier M2. The total length of M3 cantilever was at the time of 
its instrumentation 215m while its total height is 35m. Specifically, six uniaxial 
accelerometers were installed inside the box beam cantilever M3 of the left 
carriageway of Metsovo ravine bridge. One of the accelerometer array 
configurations is shown in Figure 2. Due to the symmetry of the construction 
method (balanced cavtilevering) and as the same number of segments were 
completed on both sides of pier M3, the instrumentation was limited to the right 
cantilever of pier M3 along the vertical, transverse and longitudinal directions.  
 
 
FINITE ELEMENT MODELS 
 
In order to examine the contribution of soil conditions on the dynamic response 
of the bridge, two different types of finite element models of the bridge were 
developed to predict the dynamic behavior of the bridge under different 
construction phases. The first model ignores soil-structure interaction assuming that 
the bridge is fixed at the foundation bases. The second model considers the effects 
of soil conditions. In the first model, the bridge was fixed at the base of piers M1, 
M2 and M3 and at the base of the abutments’ bearings. In the second model, the 
soil under the piers was also simulated by assuming that the foundations are 
embedded in cylindrical bodies with diameters and height five times higher than the 
equivalent diameter of the piers’ foundation, creating a flexibly supported model of 
the bridge simulating the behaviour of the subsoil. 
For bridge modeling, the software package COMSOL Multiphysics [1] was 
used. The structure was first designed in CAD environment and then imported in 
COMSOL Multiphysics modelling environment. The models were constructed 
based on the structural and soil material properties and the geometric details of the 
structure. The finite element models for the bridge were created using three 
dimensional tetrahedron solid finite elements to model the whole structure. For the 
complete bridge, the fixed base model consists of 97.636 finite elements and has 
563.586 degrees of freedom while the flexibly supported models consist of 99.787 
finite elements and have 573.372 degrees of freedom.  
The lowest modal frequencies of the left branch of the “M3 Cantilever” 
construction phase and the completed phase of the bridge, predicted by the design 
(nominal) FE models, are reported in Table I and Table II, respectively. 
Representative modeshapes predicted by the finite element models for both 
construction phases are also shown in Figure 3. Due to space limitations, nineteen 
of the identified modal frequencies are presented in Table II and only the first 
modeshape for each construction phase is presented in Figure 3. It can be seen from 
the results in Table II that soil contribution varies from 0.48% (1st Mode) to 4.05% 
(18th Mode). The average soil contribution is 3.30% and is obvious that the effect of 
soil-structure interaction on dynamic response of Metsovo Bridge cannot be 
ignored. Finally, it is obvious that modal frequencies predicted by the bridge model 
including the contribution of soil are, as expected, lower than the ones for the fixed 
base bridge models. 
 
TABLE I. MODES OF LEFT (LB) AND RIGHT (RB) BRANCHES OF “M3 CANTILEVER” 
CONSTRUCTION PHASE OF THE METSOVO BRIDGE 
    
Identified Modes 
Measured 
Frequencies 
Hz 
  Measured 
Damping 
ζ% 
FEM 
Frequencies 
(fixed base)  
FEM 
Frequencies 
(with soil) 
 LB RB LB RB Model  
frequencies 
Model  
frequencies 
1st transverse 0.159 0.159 1.06 0.35 0.159 0.157 
1st bending 0.305 0.305 0.48 0.47 0.287 0.278 
2nd transverse 0.623 0.621 0.61 0.32 0.585 0.539 
2nd bending 0.686 0.686 0.38 0.22 0.648 0.634 
3rd bending 0.908 0.906 0.59 0.40 0.903 0.821 
3rd transverse 1.31 1.31 1.28 0.48 1.31 1.19 
4th transverse 1.46 1.47 0.87 1.25 - - 
bending 2.29 2.29 0.41 0.39 2.30 2.12 
transverse 2.57 2.59 1.29 0.94 2.52 2.33 
bending 3.24 3.24 0.32 0.47 3.27 2.97 
transverse 4.63 4.63 0.35 0.61 4.50 4.17 
1st rotational, x axis 4.94 4.91 0.61 0.54 5.12 4.70 
 
 
MODAL IDENTIFICATION 
 
The acceleration time histories recorded by the monitoring system are used to 
identify the modes of the bridge under the different construction phases. The 
recorded responses are mainly due to wind loads and loads induced by construction 
activities, such as the crossing of light vehicles placing the prestressing cables 
inside the tendon tubes, etc. The Modal Identification Toolbox developed by the 
System Dynamics Laboratory in the University of Thessaly [2] is used to identify 
the modal properties. The identified values of the modal frequencies and modal 
damping ratios are shown in Table I for the “M3 cantilever” construction phase of 
the bridge and in Table II for the completed phase of the bridge. The results in Table 
I are reported for both the left and right branches of the bridge section.  
 
TABLE II. IDENTIFIED MODES OF THE LEFT BRANCH OF THE METSOVO BRIDGE  
     
  
 
Low amplitude     
response 
 
High amplitude 
response 
FEM 
(fixed 
base) 
FEM 
(with soil) 
 
% diff. 
 
No Identified 
Modes 
Frequency 
Hz 
Damping  
ζ% 
Frequency 
Hz 
Damping 
 ζ% 
Model 
frequencies 
Model 
frequencies 
Fixed - 
With soil 
1 transverse 0.281 0.29 0.278 0.47 0.312 0.313 -0.48 
2 transverse 0.439 0.53 0.441 0.60 - - - 
3 transverse 0.567 1.08 - - - - - 
4 transverse 0.636 1.07 0.623 0.90 0.621 0.603 2.93 
5 bending 0.656 0.55 0.656 0.23 0.645 0.634 1.81 
6 transverse 0.713 0.31 0.713 0.40 - - - 
7 transverse - - - - 1.172 1.13 3.51 
8 transverse 1.03 0.46 1.02 1.23 0.989 0.962 2.76 
9 bending 1.09 0.45 1.07 0.75 1.11 1.08 2.65 
10 bending 1.48 0.51 1.47 2.15 1.51 1.46 3.69 
11 transverse 1.62 0.52 1.61 0.19 - - - 
12 transverse 1.69 0.43 1.69 0.33 1.71 1.64 3.88 
13 bending 1.86 0.75 1.85 0.91 1.93 1.86 3.72 
14 bending 2.08 0.37 2.01 2.75 2.31 2.23 3.72 
15 transverse 2.3578 0.3255 2.3581 1.2770 2.3506 2.2590 3.90 
16 bending 2.8329 0.6144 2.8323 0.4674 2.8378 2.7323 3.72 
17 transverse 3.0951 0.3653 3.0932 0.4177 3.1306 3.0062 3.97 
18 bending 3.1993 0.7696 3.2179 0.9178 3.1743 3.0456 4.05 
19 bending 3.6015 0.3789 3.6023 0.3665 3.6344 3.4921 3.92 
 
Comparing the values of the modal frequencies for the left and right branch it is 
evident that the dynamic characteristics of the two different branches are very close 
(largest percentage error is 0.5%) validating the mechanical similarities of the two 
different branches. Moreover, comparing the identified modal frequencies in Tables 
I and II with the modal frequencies obtained by the nominal FE models it is 
observed that the identified values are fairly close to the model based values.  
 
 
MODEL UPDATING USING ESTIMATED MODAL CHARACTERISTICS 
 
A multi-objective structural identification method is used for estimating the 
parameters of the finite element structural models based on minimizing two groups 
of modal residuals [3], one associated with the modal frequencies (objective 1( )J  ) 
and the other with the modeshapes (objective 2 ( )J  ). The identification is based on 
the experimentally identified modal data. In addition, finite element model updating 
results are also obtained from the equally weighted and the optimally weighted 
modal residuals methods [4]. The normal boundary intersection algorithm was used 
to estimate the Pareto solutions arising from the application of the multi-objective 
identification. Standard optimization techniques are used to find the optimal 
solutions for the equally weighted and the optimally weighted modal residual 
methods [4].  
The model updating methodologies were applied to three finite element models 
of Metsovo bridge: the fixed base model, the model with soil stiffness  GPa  
and the model with soil stiffness 
1soilE 
7soilE   GPa. The soil stiffness values selected are 
based on geotechnical studies. The five lowest identified modal frequencies were 
used in the identification. The purpose of the identification was to update the 
stiffness values of the piers and the deck.  
Results are next presented for the “M3 cantilever” construction phase. The three 
parameterized finite element models have two parameters 1  and 2 . The first 
parameter 1  accounts for the modulus of elasticity of the cantilever deck and the 
second parameter 2  accounts for the modulus of elasticity of the pier M3. These 
parameters multiply the values of the selected model properties that describe, such 
as the values of 1 2 1    correspond to the initial design (nominal) model.  
  
Figure 3.The first modeshape predicted by FE models. (a) fixed base model for the “M3 cantilever” 
construction phase of the bridge, (b) complete bridge model including soil modeling. 
 
The results from the multi-objective identification methodology for the three 
solid element models are shown in Figure 4. Figure 4(a) shows the Pareto front and 
Figure 4(b) shows the Pareto optimal solutions. The non-zero size of the Pareto 
front and the non-zero distance of the Pareto front from the origin are due to 
modeling and measurement errors. Specifically, the distance of the Pareto points 
along the Pareto front from the origin is an indication of the size of the overall 
measurement and modeling error. The size of the Pareto front depends on the size 
of the model error and the sensitivity of the modal properties to the model 
parameter values [4]. The optimal structural models corresponding to the equally 
weighted (EWM) and the optimally weighted modal residuals methods for the three 
finite element models are also shown in Figure 4. It can be seen that these optimal 
models are points along the Pareto front, as it should be expected.  
It is observed that a wide variety of Pareto optimal solutions are obtained for the 
three different model classes that are consistent with the measured data and the 
objective functions used. Comparing the Pareto optimal solutions, it can be said that 
there is no Pareto solution that improves the fit in both modal groups 
simultaneously. Thus, all Pareto solutions correspond to acceptable compromise 
structural models trading-off the fit in the modal frequencies involved in the first 
modal group with the fit in the modeshape components involved in the second 
modal groups.  
From Figure 4(a) it is obvious the model with stiffer soil fits better the identified 
modal frequencies and modeshapes since the Pareto front is closer to the origin and 
shorter in size than the Pareto front corresponding to the model with softer soil. The 
fixed base model gives better results than the model with stiffer soil for part of the 
Pareto front that corresponds to the best fit in the modal frequencies, while it gives 
worse results for the Pareto front that corresponds to the best fit in the modeshapes. 
Results indicate that soil stiffness has a contribution to the behavior of the bridge. 
Finally, the parameter values vary considerably for all three models. In particular 
for the model with the stiffer soil, the deck stiffness varies from 0.93 to 1.27 times 
while the pier stiffness varies from 1.08 to 1.26 times the nominal values. 
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Figure 4: Pareto front and Pareto optimal solutions, (a) objective space and (b) parameter space.  
 
TABLE III. RELATIVE ERROR BETWEEN EXPERIMENTAL AND FIRST PARAMETERIZED 
SOLID MODEL PREDICTED MODAL FREQUENCIES  
Relative frequency error(%) 
Pareto solution 
 
Mode Nominal 
Model 
Equally 
Weighted 
Optimally 
Weighted 1 5 10 
1 
2 
3 
4 
5 
-2.4487 
-8.2059 
-8.5170 
-6.7234 
-5.5702 
4.4396 
-1.7962 
-2.7699 
-0.2568 
-0.4009 
5.6346 
-0.8774 
-3.6006 
0.5559 
-3.1220 
3.6894 
-2.3922 
-2.3791 
-0.7903 
1.1943 
5.9363 
-0.6527 
-3.8554 
0.7529 
-3.8471 
13.5328 
5.8426 
-2.1596 
7.0779 
-5.8935 
 
TABLE IV. MAC VALUES  BETWEEN EXPERIMENTAL AND FIRST  PARAMETERIZED 
SOLID MODEL PREDICTED MODESHAPES 
                                                        MAC Value 
Pareto solution 
 
Mode Nominal 
Model 
Equally 
Weighted 
Optimally 
Weighted 1 5 10 
1 
2 
3 
4 
5 
0.9851 
0.9968 
0.9730 
0.9999 
0.9991 
0.9851 
0.9969 
0.9751 
0.9999 
0.9991 
0.9851 
0.9972 
0.9799 
0.9995 
0.9992 
0.9851 
0.9967 
0.9718 
0.9999 
0.9990 
0.9851 
0.9972 
0.9810 
0.9993 
0.9993 
0.9852 
0.9978 
0.9878 
0.9960 
0.9995 
 
For the fixed base model, the percentage error between the experimental 
(identified) values of the modal frequencies and the values of the modal frequencies 
predicted by the Pareto optimal solutions 1, 5 and 10, the equally weighted solution, 
and the optimally weighted solution are reported in Table III. Table IV reports the 
corresponding MAC values. It is observed that for the modal frequencies the 
difference between the experimental values and the values predicted by the Pareto 
optimal model vary between 0.75 % and 13.53%. Specifically, for the Pareto 
solution 1 that corresponds to the one that minimizes the errors in the modal 
frequencies (first objective function), the modal frequency errors vary from 0.8% to 
3.7%. Higher modal frequency errors are observed as one moves towards Pareto 
solution 10 (ranging from 2.1% to 13.5% for Pareto solution 10) since such 
solutions are based more on minimizing the errors in the modeshapes than the error 
in the modal frequencies. Moreover, the errors observed for the nominal model are 
not much higher than the errors from the Pareto, which means that the nominal 
model was well designed. The MAC values between the experimental modeshapes 
and the modeshapes predicted by the Pareto optimal model are very close to one 
because of the small number of measured DOF available.  
 
 
CONCLUSIONS 
 
A monitoring system was used to identify the dynamics and develop high 
fidelity models for both branches of the Metsovo bridge. Monitored data were 
collected during various construction phases and a permanent monitoring system 
was installed after the completion of the bridge. Methods for modal identification 
and structural model updating were used to develop high fidelity finite element 
models of the bridge using ambient acceleration measurements. Comparing the 
modal identified modal properties of the left and the right branches it was found 
that they are very close and display almost the same dynamic characteristics, thus 
confirming the mechanical similarity of the two geometrically identical branches 
and validating design assumptions. A multi-objective structural identification 
method was used for updating the detailed finite element models based on 
minimizing two groups of the experimentally identified modal residuals, one 
associated with the modal frequencies and the other with the modeshapes. Three 
different finite element models were updated: a fixed base model and two models 
that include the effect of soil. All estimated Pareto optimal models are shown to 
provide good fit to the lowest measured modal properties. The finite element model 
with stiffer soil was found to provide the best fit, indicating the role that soil 
stiffness plays on the dynamics of the structure. The derived finite element models 
are representative of the initial structural condition of the bridge and can be further 
used for structural health monitoring purposes.  
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